Blood pressure is regulated by extrinsic factors including noradrenaline, the sympathetic neurotransmitter that controls cardiovascular functions through adrenergic receptors. However, the fine-tuning system of noradrenaline signaling is relatively unknown. We here show that l-3,4-dihydroxyphenylalanine (L-DOPA), a precursor of catecholamines, sensitizes the vascular adrenergic receptor alpha1 (ADRA1) through activation of L-DOPA receptor GPR143. In WT mice, intravenous infusion of the ADRA1 agonist phenylephrine induced a transient elevation of blood pressure. This response was attenuated in Gpr143 gene-deficient (Gpr143 -/y ) mice. Specific knockout of Gpr143 in vascular smooth muscle cells (VSMCs) also showed a similar phenotype, indicating that L-DOPA directly modulates ADRA1 signaling in the VSMCs. L-DOPA at nanomolar concentrations alone produced no effect on the VSMCs, but it enhanced phenylephrine-induced vasoconstriction and intracellular Ca 2+ responses. Phenylephrine also augmented the phosphorylation of extracellular signal-regulated kinases in cultured VSMCs from WT but not Gpr143 -/y mice. In WT mice, blood pressure increased during the transition from light-rest to dark-active phases. This elevation was not observed in Gpr143 -/y mice. Taken together, our findings provide evidence for L-DOPA/GPR143 signaling that exerts precursor control of sympathetic neurotransmission through sensitizing vascular ADRA1.
Introduction
l-3,4-dihydroxyphenyalanine (L-DOPA), a precursor of catecholamines, is considered an inert amino acid (1) , and it ameliorates the symptoms of Parkinson's disease following its conversion to dopamine in the brain by aromatic l-amino acid decarboxylase (AADC). In contrast to this generally accepted idea, we propose a transmitter role for L-DOPA by itself. L-DOPA is released from the brain, sympathetic nerve terminals, or adrenal medulla in vivo in a Ca 2+ -dependent (2) (3) (4) and tetrodotoxin-sensitive (voltage-dependent sodium channel blocker) manner (2, 5) . L-DOPA probably plays a neurotransmitter role in the primary baroreceptor afferents terminating in the nucleus tractus solitarii (NTS) (5, 6) . When L-DOPA is microinjected into the NTS, it produces a depressor and bradycardic response that is not modified by AADC inhibition (7) ; however, the response is antagonized by L-DOPA cyclohexyl ester (L-DOPA CHE), an antagonist for L-DOPA (5, 6) . In the depressor sites of the NTS, some neurons are tyrosine hydroxylase (TH) and L-DOPA positive but AADC and dopamine negative (6) . Aortic nerve stimulation induces reflex bradycardia and a concomitant release of L-DOPA from the NTS (6) .
We recently identified GPR143 as a receptor for L-DOPA that mediates the depressor response to L-DO-PA in the NTS (8) . GPR143 is expressed in the NTS, and RNAi knockdown of GPR143 suppresses the depressor response to L-DOPA microinjected into the NTS. In addition, specific, saturable, and L-DOPA CHE-displaceable [ 3 H]-DOPA binding sites were detected in GPR143-expressing CHO cells (8) . GPR143 Blood pressure is regulated by extrinsic factors including noradrenaline, the sympathetic neurotransmitter that controls cardiovascular functions through adrenergic receptors. However, the fine-tuning system of noradrenaline signaling is relatively unknown. We here show that l-3,4dihydroxyphenylalanine (L-DOPA), a precursor of catecholamines, sensitizes the vascular adrenergic receptor alpha1 (ADRA1) through activation of L-DOPA receptor GPR143. In WT mice, intravenous infusion of the ADRA1 agonist phenylephrine induced a transient elevation of blood pressure. This response was attenuated in Gpr143 gene-deficient (Gpr143 -/y ) mice. Specific knockout of Gpr143 in vascular smooth muscle cells (VSMCs) also showed a similar phenotype, indicating that L-DOPA directly modulates ADRA1 signaling in the VSMCs. L-DOPA at nanomolar concentrations alone produced no effect on the VSMCs, but it enhanced phenylephrine-induced vasoconstriction and intracellular Ca 2+ responses. Phenylephrine also augmented the phosphorylation of extracellular signal-regulated kinases in cultured VSMCs from WT but not Gpr143 -/y mice. In WT mice, blood pressure increased during the transition from light-rest to dark-active phases. This elevation was not observed in Gpr143 -/y mice. Taken together, our findings provide evidence for L-DOPA/GPR143 signaling that exerts precursor control of sympathetic neurotransmission through sensitizing vascular ADRA1.
was identified as the protein product of the oa1 gene, and mutation of the oa1 gene causes ocular albinism type 1, characterized by severe reduction of visual acuity, optic misrouting, and hypopigmentation of the retinal pigment epithelium (9, 10) . GPR143 possesses L-DOPA-binding activity and could function as an L-DOPA receptor in retinal pigment epithelium cells (11) . Although the response to L-DOPA was characterized in in vitro reconstitution experiments, the mechanisms and functions of GPR143 in vivo still remain obscure (11) .
GPR143 is also expressed in non-neuronal organs receiving sympathetic innervation, such as the heart and blood vessels (12) , thereby suggesting its involvement in peripheral cardiovascular regulation. Therefore, to further determine whether GPR143 plays a physiological role, we examined peripheral vasomotor response to i.v. administration of phenylephrine, a nonselective adrenergic receptor, alpha1 (ADRA1) agonist, in GPR143 gene-deficient (Gpr143 -/y ) mice (12) . We found that the pressor response to phenylephrine was markedly attenuated in Gpr143 -/y mice compared with Gpr143 +/y (WT) mice. The contractile response to phenylephrine in isolated blood vessels from Gpr143 -/y mice was attenuated compared with the response in WT mice. The rise in blood pressure response to nociceptive stimulation and dark-active phase, which activates sympathetic cardiovascular system, was also attenuated in Gpr143 -/y mice. Our molecular genetics and phenotypic analyses reveal that L-DOPA/GPR143 signaling functionally couples with ADRA1 and regulates sympathetic neurotransmission in the cardiovascular system.
Results

GPR143 in vascular smooth muscle cells is involved in phenylephrine-induced blood pressure rise in mice.
To determine the in vivo function of GPR143 in the peripheral cardiovascular system, we first examined the response to an i.v. infusion of phenylephrine, an ADRA1 agonist, in Gpr143 -/y mice (ref. 12 and Figure 1A ). The pressor response to phenylephrine in itself was attenuated in Gpr143 -/y mice compared with WT mice (Figure 1 , B and C). Pretreatment with L-DOPA CHE, a competitive antagonist for GPR143 (8) , also attenuated the pressor response to phenylephrine ( Figure 1D ). We also compared the effects of vasopressin, which causes vasoconstriction via the arginine vasopressin receptor 1A (AVPR1A) (13) , in WT and Gpr143 -/y mice. Vasopressin dose-dependently increased blood pressure in Gpr143 -/y mice to a similar extent as in WT mice ( Figure 1E ), suggesting that GPR143 is selectively involved in the ADRA1-mediated response. Because vascular tone is regulated by ADRA1, we investigated whether GPR143 was expressed in vascular smooth muscle cells (VSMCs). GPR143 immunoreactivities showed a dot-like appearance in the cytoplasm of the mouse VSMCs. The dot-like appearance of GPR143-immunoreactive signals may reflect its localization in late endosome/lysosome, as previously described (14) . GPR143 also localized in the plasma membrane of RPE and COS-7 cells (11, 15) . Some signals were also detected in the plasma membrane. No immunoreactive signals were observed in Gpr143 -/y mice, confirming the expression of GPR143 in the VSMCs (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.90903DS1). To determine whether attenuation of the pressor response to phenylephrine was due to the loss of VSMC GPR143, we generated conditional knockout mice deficient in GPR143 in the VSMCs using Tg (Taglin-cre)1Her/J (smooth muscle protein 22-alpha; sm22)-cre (sm22-cre; Gpr143 fl/y ) mice (16) . Again, the pressor response to phenylephrine was attenuated in sm22-cre; Gpr143 fl/y mice compared with sm22-cre; Gpr143 WT mice ( Figure 1F ), thereby indicating that the cardiovascular defect was caused by the GPR143 loss of function expressed in VSMCs. These phenotypic defects were unlikely to be due to possible alterations in the expression levels of receptors involved in blood pressure control. In fact, mRNA levels of Adra1 subtypes in descending aortas were not altered in Gpr143 -/y mice compared with WT mice. The fold changes in the gene expression levels in the Gpr143 -/y mice relative to those in the WT mice were 1.03 ± 0.128 for Adra1a, 1.06 ± 0.31 for Adra1b, and 1.00 ± 0.21 for Adra1d (n = 6, P > 0.05, unpaired Student's t test). It is also unlikely that the attenuated response to phenylephrine in Gpr143 -/y mice was due to decreased levels of endogenous L-DOPA, since no differences existed in the expression levels of TH in sympathetic neurons in the descending aortas and adrenal glands or in the plasma levels of L-DOPA in Gpr143 -/y and WT mice (Supplemental Figure 2 ). These findings suggest that GPR143 expressed in VSMCs plays a role in the regulation of vascular responsiveness to phenylephrine.
Sm22-cre is also functional in cardiomyocytes (17) . To elucidate possible involvement of GPR143 expressed in cardiomyocytes, we also investigated chronotropic responses to phenylephrine and isoproterenol, an ADRB1 agonist in isolated atrial preparations. Both phenylephrine (10 nM-100 μM) and isoproterenol (10 pM-100 nM) concentration-dependently increased the heart rates. The increase in heart rate mediated by phenylephrine and isoproterenol was similar in WT and Gpr143 -/y atria (Supplemental Figure 4 ).
To elucidate a tonic function of GPR143, we investigated an acute effect of L-DOPA CHE on blood pressure in Gpr143 -/y and WT mice. i.v. infusion of L-DOPA CHE alone dose-dependently decreased the basal levels of mean blood pressure in WT mice. The action of L-DOPA CHE was suppressed by pretreatment with prazosin (1 mg/kg, i.p.), an ADRA1 antagonist. Furthermore, the depressor action of L-DOPA CHE alone was lacking in Gpr143 -/y mice ( Figure 1G ). Furthermore, prazosin bound to ADRA1B, but not to GPR143 (Supplemental Figure 3 ). This finding indicates that GPR143 is tonically activated via ADRA1 in vivo and is involved in maintaining vasomotor tone.
L-DOPA augments the contractile and intracellular Ca 2+ signal responses to phenylephrine through GPR143. We investigated phenylephrine-induced vasoconstriction in the descending aortas and mesenteric resistance arteries from WT and Gpr143 -/y mice. Phenylephrine induced vasoconstriction in a concentration-dependent manner in WT aortas and mesenteric arteries. The effect of phenylephrine was markedly attenuated in the Gpr143 -/y aortas and mesenteric arteries ( Figure 2 , A and D). Pretreatment with L-DOPA CHE suppressed the effect of phenylephrine in WT aortas ( Figure 2B ). L-DOPA (10 nM) alone had no effect on vasocontractility in WT aortas and mesenteric arteries. Non-effective L-DOPA (0.1, 1, and 10 nM), when pretreated, augmented the vasoconstricting effect of phenylephrine (100 nM and 1 μM) in WT aortas and mesenteric arteries ( Figure 2 , C and E). Consistent with this finding, L-DOPA-induced augmentation was not observed in Gpr143 -/y aortas and mesenteric arteries ( Figure 2 , C and E), and was not mimicked by dopamine (10 nM) in WT aortas ( Figure 2C ). Again, L-DOPA did not modify the contractile response (E) Effects of vasopressin on BP in WT and Gpr143 -/y mice (F 1,32 = 0.209, P > 0.05, n = 5). (F) Effects of phenylephrine on BP in SM22-cre; Gpr143 WT and SM22-cre; Gpr143 fl/y mice (F 1,44 = 20.99, P < 0.005, n = 6 and 7). (G) Effects of L-DOPA CHE alone on BP in WT mice with or without prazosin (1 mg/kg, i.p.) and in Gpr143 -/y mice (F 1,28 = 10.18, P < 0.005, n = 4-7). All values are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 2-way ANOVA with Bonferroni's multiple comparisons test.
to vasopressin in WT mesenteric arteries ( Figure 2F ). The effective concentration range of L-DOPA (~10 nM) was comparable to the plasma concentration range observed in vivo. In WT mice, the plasma concentrations of L-DOPA in light and dark phases were 989.7 ± 178.1 pg/ml (5.0 ± 0.90 nM) and 2,180.0 ± 529.8 pg/ml (11.1 ± 2.7 nM), respectively (n = 9-13) (Supplemental Figure 2C ).
We also examined intracellular Ca 2+ response in VSMCs. Phenylephrine (1-100 μM) and vasopressin (1.5-150 nM) concentration-dependently increased the intracellular Ca 2+ in WT and Gpr143 -/y VSMCs ( Figure 3 , A and B). L-DOPA (1-10 nM) produced no effect on Ca 2+ levels, but it enhanced the responses to phenylephrine, but not the responses to vasopressin (Figure 3 , C-E). Again, L-DOPA failed to enhance Ca 2+ mobilization by phenylephrine in Gpr143 -/y VSMCs (Figure 3 , C and D). These findings suggest that L-DOPA sensitizes the response of ADRA1s through GPR143.
Using a peptide derived from the porcine teschovirus sequence with high cleavage efficiency in two proteins (18) , we reconstructed the polycistronic ADRA1B and GPR143 expression plasmid in ARPE19, a human retinal pigment epithelial cell line. In the ARPE19 cells expressing ADRA1B-Myc and GPR143-mCherry (Supplemental Figure 5 , A and B), phenylephrine (30 pM to 10 nM) induced an increase in the intracellular Ca 2+ response, which was antagonized by pretreatment with 1 μM prazosin. The ineffective concentration of phenylephrine was estimated to be 30 pM (Supplemental Figure 5 , C and D). L-DOPA (1-30 nM) augmented the effect of the Ca 2+ increase induced by phenylephrine (30 pM), which was antagonized by L-DOPA CHE (100 nM to 10 μM) (Supplemental Figure 5 , E and F). The EC 50 for the augmentation by L-DOPA was estimated to be 5.7 nM (n = 3-12). The EC 50 value for L-DOPA was again comparable to its plasma concentration range observed in vivo. We then examined whether phenylephrine augments the Ca 2+ response to L-DOPA. As in the case with VSMCs ( Figure 3 ), L-DOPA up to 10 μM alone did not induce Ca 2+ response. Unlike L-DOPA, pretreatment with an ineffective concentration of phenylephrine (30 pM) did not modify intracellular Ca 2+ levels after the application of L-DOPA (Supplemental Figure 5 , G-J). These findings suggest that L-DOPA activates GPR143, thereby modulating the functions of ADRA1B, while phenylephrine activates ADRA1B without modifying the function of GPR143.
Phenylephrine-induced myosin light chain 2 and ERK phosphorylations were attenuated in Gpr143 -/y blood vessels and VSMCs. To further investigate the mechanisms underlying inhibition of phenylephrine-induced vascular contraction by deletion of GPR143, we also examined phosphorylation levels of myosin light chain 2 (pMLC2) and ERK (pERK), a member of the MAPK family, in the WT and Gpr143 -/y intact vessels with or without phenylephrine ( Figure 4 , A-C). Indeed, MLC2 and ERK phosphorylation is causally related to ADRA1-mediated contraction (19) (20) (21) (22) . Because phenylephrine-induced pressor response was attenuated in Gpr143 -/y mice, we expected that phenylephrine-induced phosphorylation of these proteins was attenuated in Gpr143 -/y vessels. Phenylephrine increased the levels of pMLC2 and pERK in the WT but not in Gpr143 -/y or sm22-cre; Gpr143 fl/y vessels (Figure 4 , A-C). In cultured VSMCs, phenylephrine also increased the levels of pERK in WT VSMCs, but not in Gpr143 -/y VSMCs ( Figure 4D ), although at baseline the pERK/ERK ratio in Gpr143 -/y and sm22-cre; Gpr143 fl/y VSMCs was higher than that in WT VSMCs. The mechanisms of enhanced basal ERK phosphorylation in Gpr143 -/y VSMCs and sm22cre; Gpr143 fl/y vessel was unknown. It might be possible that lacking GPR143 in VSMCs activates some compensatory mechanisms directed toward normalizing vasomotor tone of baseline. Even though, the functional interaction between GPR143 and ADRA1s was observed in VSMCs and in intact vessels ( Figure 4 ).
To further confirm the involvement of GPR143 in ADRA1B-mediated signaling, we further investigated the phenylephrine-induced ERK phosphorylation in rat VSMCs (23) . As in the case with mouse VSMCs, punctate GPR143 signals were observed in the α-smooth muscle actin-positive cells of cultured rat VSMCs (Supplemental Figure 6 , A-D). We examined the effect of shRNA knockdown of GPR143 on phenylephrine-induced ERK phosphorylation. The immunofluorescence of GPR143 was decreased in the shgpr143adenovirus-infected VSMCs compared with scramble RNA-adenovirus-infected VSMCs (Supplemental Figure 6 , E-I). The expression levels of ADRA1B in membrane were not modified in the shgpr143-adenovirus-infected VSMCs compared with scramble RNA-adenovirus-infected VSMCs (Supplemental Figure  6 , J-P). Phenylephrine increased the levels of pERK in the scramble RNA-infected VSMCs, but not in the shgpr143-adenovirus-infected VSMCs (Supplemental Figure 6Q ).
GPR143 selectively promotes ADRA1B-mediated ERK phosphorylation. Because each subtype of ADRA1 (ADRA1A, ADRA1B, and ADRA1D) expressed in the VSMCs plays crucial roles in mediating sympathetic neurotransmission (23) (24) (25) , the attenuated pressor response to phenylephrine in Gpr143 -/y mice suggests a functional interaction between GPR143 and these ADRA1 subtypes. Thus, GPR143 may interact and functionally couple with ADRA1, thereby modulating the phenylephrine-induced responses. As was expected, GPR143 was physically associated with ADRA1A, ADRA1B, and ADRA1D in immunoprecipitation assays ( Figure 5A and Supplemental Figure 7 , A and B).
It was reported that ADRA1 stimulation induces ERK activation (26) (27) (28) (29) . To further examine the functional interaction between GPR143 and ADRA1s, we performed a phosphorylation assay of ERK. Phenylephrine (0.1, 0.3, and 1 μM) stimulation was associated with a modest increase in pERK in Myctagged ADRA1A, ADRA1B, and ADRA1D (ADRA1A-, ADRA1B-, and ADRA1D-Myc) and free EGFPexpressing HEK293 cells. In contrast, phenylephrine markedly increased the pERK in cells expressing GPR143-EGFP and ADRA1B-Myc in a concentration-dependent manner ( Figure 5 , B and C). Regardless of its physical interactions, GPR143 did not augment phenylephrine-induced ERK phosphorylation in cells coexpressing ADRA1A-or ADRA1D-Myc.
We next examined ligand-dependent interaction between GPR143 and ADRA1B. The immunoprecipitation assay revealed that L-DOPA (10 nM) enhanced the interaction between ADRA1B and GPR143 in HEK293 cells coexpressing GPR143-HA and ADRA1B-Myc ( Figure 5D ). We then examined the direct interaction between GPR143 and ADRA1B. For this purpose, we performed microscopic analysis using total internal reflection fluorescence (TIRF) microscopy. TIRF microscopic images revealed that GPR143-EGFP was colocalized with ADRA1B-mCherry in the transmembrane of live HEK293 cells ( Figure 5E ). We also performed Förster resonance energy transfer (FRET) analysis in live HEK293 cells expressing CFP-fused protein (FRET donor) and Venus-fused protein (FRET acceptor). We transfected HEK293 cells with genes encoding Venus-tagged ADRA1B (ADRA1B-Venus) and CFP-tagged GPR143 (GPR143-CFP), free-Venus and GPR143-CFP, or ADRA1B-Venus and free-CFP. The fluorescence spectrum, when the fluorescence protein was excited at a wavelength of 405 nm, revealed emission around 540 nm in cells expressing both GPR143-CFP and ADRA1B-Venus, but not GPR143-CFP and free-Venus (Supplemental Figure 8, A and B) . The fluorescence intensity of GPR143-CFP increased after photobleaching of ADRA1B-Venus, but not free-Venus (Supplemental Figure 8, C and D) . FRET signals at significant levels were detected in live HEK293 cells expressing Adra1b-Venus and GPR143-CFP, compared with free-Venus and GPR143-CFP or ADRA1B-Venus and free-CFP ( Figure 5F ). We also confirmed that FRET signals were present in cells expressing ADRA1B-CFP and GPR143-Venus compared with AVPR1A-CFP and GPR143-Venus or free-CFP and GPR143-Venus (Supplemental Figure 9 ). These results clearly indicate that GPR143 selectively formed a heteromeric complex with ADRA1B in live cells. Because oligomerization of GPCRs may also modulate their ligand-binding properties (30), we investigated whether coexpression of GPR143 affected binding properties of phenylephrine against specific binding of [ 3 H]-prazosin in ADRA1B-expressing HEK293 cells. The binding affinity of phenylephrine against the specific binding of [ 3 H]-prazosin was higher in HEK293 cells coexpressing both ADRA1B-Myc and GPR143-EGFP (K i = 2.4 μM, n = 3) than in cells coexpressing ADRA1B-Myc and free-EGFP (K i = 9.3 μM, n = 3) ( Figure 5G ). To investigate whether endogenous GPR143 interacted with Adra1b, we performed immunostaining using in situ proximity ligation assay (PLA). We confirmed the specific immunoreactive signals of both GPR143 and ADRA1B in the liver (Figure 6 , A-D). GPR143-ADRA1B interacting signals were detected in WT ( Figure 6E ), but not in Gpr143 -/y tissues ( Figure 6F) . These results suggest that interaction between endogenous GPR143 and ADRA1B potentiates the signaling through ADRA1.
Phasic blood pressure control was lacking in Gpr143 -/y mice. We questioned whether the GPR143 system was involved in phasic and daily blood pressure control. Because the sympathetic nervous system is easily modified by nociceptive stimuli and continuously activated during the active phase, we examined the tail-pinch-induced pressor response and day-and nighttime blood pressure (31, 32) in WT and Gpr143 -/y mice (Figure 7) . The tail-pinch procedure elevated blood pressure in anesthetized WT mice, and the rise was suppressed by pretreatment with prazosin ( Figure 7, A and B) , indicating that the nociceptive stimulation induced a pressor response through activating the sympathetic nervous system. A tail-pinch-induced increase in blood pressure was attenuated in Gpr143 -/y mice compared with WT mice (Figure 7, A and B) . The tail-pinch-induced increase in blood pressure was also attenuated in sm22-cre; Gpr143 fl/y mice compared with sm22-cre; Gpr143 WT mice ( Figure 7C ). We further monitored blood pressure in conscious mice using a radiotelemetry procedure before, during, and after tail-pinch. The mean blood pressure before and after tail-pinch was 108.1 ± 9.5 and 155.1 ± 19.5 mmHg in sm22-cre; Gpr143 WT , and 105.8 ± 6.6 and 121.6 ± 4.1 mmHg in sm22-cre; Gpr143 fl/y mice, respectively ( Figure 7D ). The tail-pinch-induced increase in blood pressure was 47.3 ± 10.0 and 15.8 ± 2.6 mmHg in sm22-cre; Gpr143 WT and sm22-cre; Gpr143 fl/y mice, respectively. This result indicates that the changes in blood pressure before and after tail-pinch were attenuated in sm22-cre; Gpr143 fl/y mice. It is unlikely that this impaired pressor response is due to nociceptive dysfunction, because there was no difference between WT and Gpr143 -/y mice assessed by hot plate test (Supplemental Figure 10 ). This finding further suggests that GPR143 in the VSMCs is involved in the pressor response to nociceptive stimulation.
To evaluate the role of GPR143 in daily blood pressure control, we measured blood pressure difference during light-rest phase and dark-active phase in conscious animals. Gpr143 -/y mice showed some abnormalities in daily blood pressure patterns (Figure 7 , E-L). No differences between WT and Gpr143 -/y mice were observed in blood pressure levels during the light phase. An increase in blood pressure during the dark-active phase was attenuated in Gpr143 -/y mice when compared with WT mice using the tail cuff procedure ( Figure 7F ). before and after tail-pinch in SM22-cre; Gpr143 WT and SM22-cre; Gpr143 fl/y mice using the radiotelemetry method (n = 2). Circadian BP during the light and dark phases in conscious WT, Gpr143 -/y , SM22-cre; Gpr143 WT , and SM22-cre; Gpr143 fl/y mice. (E) An L-DOPA/GPR143 signaling mechanism that regulates blood pressure by sensitizing vascular ADRA1. NA, noradrenaline. (F) Systolic BP (BPs) in WT and Gpr143 -/y mice during the light and dark phase using the tail-cuff method (n = 9-10). Circadian pattern of MBP (G and H); summarized average of MBP during the light and dark phases (I and J); and the percent of change in MBP from the light to dark phases (K and L) in mice using the radiotelemetry method (n = 3-4). *P < 0.05, **P < 0.01, ***P < 0.001, 1-way ANOVA with Tukey's multiple comparisons test (B, F, I, and J), 2-way ANOVA with Bonferroni's multiple comparisons test (G and H), or 2-tailed unpaired Student's t test (C, K, and L) . n.s., not significant.
We also performed blood pressure measurement using the radiotelemetry procedure in Gpr143 -/y , sm22-cre; Gpr143 fl/y , and corresponding control mice (Figure 7, G and H) . The changes in blood pressure from the light-rest to dark-active phase was attenuated in both Gpr143 -/y and sm22-cre; Gpr143 fl/y when compared with control mice (Figure 7 , G-L). This observation was correlated with the change in blood pressure during the dark-active phase monitored by the tail cuff method ( Figure 7F ). Because L-DOPA is an endogenous ligand for GPR143 and is released from sympathetic neurons and adrenal medullae in an activity-dependent manner (3) (4) (5) 33) , it is possible that the disruption in day and night blood pressure variation in Gpr143 -/y mice might be due to dysfunction of the sympathetic nervous system. To examine possible involvement of sympathetic activity, we measured plasma levels of L-DOPA, noradrenaline (NA), and adrenaline (Ad) in these mice during light and dark phases. Higher plasma levels of L-DOPA, NA, and Ad were seen in the dark phase compared with the light phase in both WT and Gpr143 -/y mice. This finding is consistent with a previous report that genes relevant to catecholamine synthesis are under the control of the molecular clock, the deletion of which results in loss of circadian mean arterial rhythms in mice (34) . Also, no difference occurred in the plasma levels of these substances between WT and Gpr143 -/y mice (Supplemental Figure  2C ). In addition, no difference was found in the mRNA levels of Gpr143 and Adra1b during the dark phase relative to during the light phase in WT mice. The fold changes in the mRNA levels of Gpr143 and Adra1b in WT mice during the dark phase relative to the light phase were 1.05 ± 0.17 and 1.32 ± 0.15, respectively (n = 6, P > 0.05, unpaired Student's t test). Thus, our findings suggest that endogenous L-DOPA plays a role in regulating daily blood pressure through GPR143 ( Figure 7E ).
Discussion
Vasomotor tone is regulated by the sympathetic nervous system through the release of NA, which stimulates ADRs in the blood vessels (35) . Here, we demonstrated that L-DOPA itself modulates sympathetic transmission for control over cardiovascular functions. The pressor response to phenylephrine was decreased by 54% to 61% in Gpr143 gene-deficient Gpr143 -/y mice compared with WT mice in vivo. Comparable attenuation, 52% to 68%, was observed in sm22-cre; Gpr143 fl/y mice. Contractile response to phenylephrine was consistently attenuated in blood vessels isolated from Gpr143 -/y mice compared with those from WT mice. When coexpressed with ADRA1B, but not with ADRA1A or ADRA1D, GPR143 augmented the phenylephrine-induced ERK phosphorylation. L-DOPA at noneffective concentrations augmented the phenylephrine-induced contractile response and intracellular Ca 2+ response in WT mice. In addition, the phasic blood pressure response to nociceptive stimuli and blood pressure control during the light and dark phases observed in WT mice was lacking in Gpr143 -/y mice. These results demonstrate that L-DOPA plays a physiological role in regulating blood pressure through coupling between GPR143 and ADRA1 in VSMCs.
GPR143 may possibly modify the function of ADRA1B through crosstalk between downstream signaling cascades of these receptors without direct receptor-receptor interaction. However, several lines of evidence support the formation of a GPR143-ADRA1B complex. First, FRET signal in live HEK293 cells expressing ADRA1B-Venus and GPR143-CFP, but not those expressing AVPR1A-CFP and GPR143-Venus, was detected ( Figure 5F) . Second, the immunoprecipitation assay revealed L-DOPA-dependent interaction between GPR143 and ADRA1B ( Figure 5D ). Third, the displacement assay showed high-affinity binding sites for phenylephrine with the coexpression of ADRA1B and GPR143 ( Figure 5G ). Furthermore, an interaction between endogenous GPR143 and ADRA1B was detected. These results supported our idea that direct protein interaction between GPR143 and ADRA1B potentiates the signaling through ADRA1B. Indeed, the detection of oligomerization of endogenous GPCRs and its physiological relevance have been challenged in recent years. For example, growth hormone secretagogue receptor 1A (GHSR1A) was demonstrated to form heteromers with the dopamine receptor D2 (DRD2) in hypothalamic neurons through labeling of endogenous GHSR 1a and DRD2 with red-ghrelin and an antibody against the DRD2, respectively (36) . In addition, the use of GPCR heteromer disruption may provide a clue to the receptor-receptor interaction. A peptide from the DRD1 physically disrupts DRD1-DRD2 receptor heteromers and inhibits their downstream Ca 2+ -mediated signaling (37) . Further studies are needed to examine whether or not oligomer formation between GPR143 and ADRA1B is required for the modification of the ADRA1B-mediated signaling.
We demonstrated that GPR143 is required for efficient phosphorylation of ERK downstream of ADRA1B activation (Figures 4 and 5) . GPR143 augmented phenylephrine-induced ERK phosphorylation in HEK293 cells expressing GPR143 and ADRA1B, but not those with ADRA1A or ADRA1D, compared with those expressing ADRA1B alone (Supplemental Figure 7) . This selective augmentation of ADRA1B signaling by GPR143 is strongly consistent with previous reports on preferential activation of the ERK cascade by ADRA1B (27, 38) , although our findings do not exclude the possibility that GPR143 functionally coupled with ADRA1A or ADRA1D as well. Such changes in the receptor's functional property are reminiscent of allosteric modulation of intrinsic efficacy of a ligand of one of the protomers by the other protomer in the GPCR heteromer (39) . In the glutamate receptor, metabotropic 2-serotonin receptor 2A (GRM2-HTR2A) receptor heteromer, glutamate induces a stronger GRM2-mediated signaling and serotonin produces a weaker serotonin HTR2Amediated signaling compared with when each receptor is expressed alone. In the same receptor heteromer, the HTR2A antagonist clozapine also induces a positive allosteric modulation of the intrinsic efficacy of glutamate (40) . Examples also exist for changes of functional selectivity in G protein coupling in receptor heteromers, such as the DRD1 histamine receptor H3 heteromer, for which DRD1 receptor agonists activate Gi instead of Gs proteins (39) . As another example, heteromerization with GHSR1A modifies DRD2 signaling, resulting in G βγ -dependent mobilization of Ca 2+ (36) .
L-DOPA and its receptor GPR143 may contribute to the physiological regulation of blood pressure under nociceptive stress and during light and dark phases (Figure 7 ). The first step in catecholamine biosynthesis is the formation of L-DOPA from tyrosine by TH, the rate-limiting enzyme of catecholamines. The activity of TH is enhanced by excitation of catecholaminergic neurons (41) (42) (43) . Thus, L-DOPA may exert a priming effect through GPR143 by sensitizing cardiovascular ADRA1B for the proper control of cardiovascular function ( Figure 7E ). Our study implies that a disturbance of the L-DOPA/GPR143 mechanism may lead to abnormalities in the circulatory system, which are related to morning hypertension, non-dipper, riser, arrhythmia, and other cardiovascular disorders. Further understanding of the physiological function of L-DOPA will contribute to a new therapeutic approach for the treatment of cardiovascular dysfunctions.
Methods
Supplemental Methods are available online with this article.
Reagents. Urethane, dopamine, phenylephrine, and prazosin were purchased from Sigma-Aldrich. L-DOPA was purchased from Nacalai Tesque. Vasopressin was purchased from Tocris Bioscience. L-DO-PA CHE was synthesized at Drug Discovery Laboratories, Research Institute, Kyowa Hakko Kogyo (5, 8) . BODIPY-prazosin was purchased from Thermo Scientific. [H 3 ]-prazosin was purchased from PerkinElmer. Isoflurane was purchased from DS Pharma Animal Health.
Experimental animals. Throughout the experimental procedures, all efforts were made to minimize the number of animals used as well as their suffering. Male littermates mice were used in the present study. Gpr143 -/y and Gpr143 fl mice were established as described previously (12) . Mice lacking GPR143 in VSMCs were generated by mating female Gpr143 +/fl and male SM22-cre mice. SM22-cre mice were purchased from the Jackson Laboratory as previously described (16) . All mice in the C57BL/6J genetic background weighing 20-25 g were used and housed in temperature-controlled (23 ± 1°C) and humidity-controlled (55%) rooms. They were maintained on a 12-hour light/12-hour dark cycle with laboratory mouse food and water available ad libitum.
Invasive blood pressure and heart rate monitoring. Mice were anesthetized with urethane (1.2 g/kg, i.p.). The femoral artery and vein were cannulated for recording blood pressure and heart rate and for i.v. infusion as previously described (8) . Cardiovascular responses to i.v. infusion of phenylephrine (0.3-2.4 μg/ kg), vasopressin (0.25-2.0 μg/kg), and L-DOPA CHE (1-20 mg/kg) were monitored by measuring blood pressure and heart rate. Pretreatment with L-DOPA CHE (10 mg/kg, i.v.) was performed 5 minutes prior to phenylephrine. To monitor cardiovascular responses to tail-pinch stress, the mice were anesthetized with 3% isoflurane and thereafter with 2% isoflurane for maintenance of anesthesia. After cannulation through femoral artery, we performed tail-pinch by pressing the mouse tail root with artery clamp for 10 seconds. Blood pressure and heart rate were recorded before and after the tail-pinch.
Tail-cuff blood pressure monitoring. Systolic blood pressure was measured by sphygmomanometer (BP monitor MK-2000; Muromachi Kikai Co.) using the tail-cuff method as previously described (16) . A mouse was introduced into a holder, and blood pressure was monitored under non-anesthetized condition. Blood pressure estimated during 8:30-11:30 a.m. was regarded as the light-phase blood pressure and that estimated during 8:30-11:30 p.m. was regarded as the dark-phase blood pressure.
Hot plate test. The hot plate test was conducted by placing the mouse on a metal surface maintained at 54 ± 0.1°C as described previously (44) . The hot plate was surrounded by a transparent plastic barrier. The latency to jumping off the plate or licking a hind paw was recorded. One minute was used as the cutoff time to protect the paw against injury.
Blood pressure measurement by radiotelemetry. Direct blood pressure measurement was performed by a radiotelemetric method as previously described (16) . A blood pressure transducer (PA-C10, Data Sciences International) was inserted into the left carotid artery. Seven days after surgery, mice were housed in a standard cage individually on a receiver under a 12-hour light/12-hour dark cycle. The tail-pinch test was performed by pressing the mouse tail root with artery clamp for 10 seconds. Direct blood pressure was recorded every 5 minutes by radiotelemetry.
Measurement of plasma L-DOPA and catecholamines. Mice were anesthetized with isoflurane, and plasma was collected transcardially during the light phase at 11:00 am and during the dark phase at 9:00 pm. Isoproterenol of 10 ng, an internal standard, and trichloroacetic acid-EDTA (TCA-EDTA; final concentration: TCA, 4%, EDTA, 0.1%), were added to plasma, which was incubated for 30 minutes on ice to remove proteins. After centrifugation, L-DOPA and catecholamines in the supernatants were partially purified with activated alumina and eluted with 0.1 N HCl, and were measured by high performance liquid chromatography with electrochemical detection (Eicom).
Isometric tension measurement of vascular rings of the descending aortas and mesenteric arteries. After WT or Gpr143 -/y mice were anesthetized with isoflurane, vessel rings of the descending aortas and mesenteric arteries were prepared and placed in a tissue bath to maintain 37°C. Two tungsten wires (40 μm in diameter) were threaded into the lumen, and the vessels were mounted in a two-channel myograph (Dual Wire Myograph System-410A, DMT). After the force reached a new steady state, phenylephrine (10 nM to 10 μM) was applied to the vascular rings. When used, L-DOPA CHE (1 mM) was applied 5 minutes prior to phenylephrine. L-DOPA (1 and 10 nM) was applied 2.5 minutes before phenylephrine under the inhibition of AADC with 3-hydroxybenzylhydrazine (10 μM). At the end of all experiments, phenylephrine was washed out, and vasoconstriction was induced by potassium-enriched solutions (NaCl, 22 mM; KCl, 120 mM; CaCl 2 , 1.5 mM; glucose, 6 mM; MgCl 2 , 1 mM; HEPES, 5 mM; pH 7.4) to confirm the viability.
Real-time reverse-transcriptase PCR. Total RNAs of mouse descending aortas, heart, and lower brain stem were extracted using TRIzol reagents (Invitrogen) according to the standard protocol for RNA extraction. To obtain first-strand cDNA, 500 ng of the total RNAs were mixed with 50 pmol oligo(dt) 20 , 10 pmol dNTP mixture in a 20-μl volume, incubated at 65°C for 5 minutes, and chilled on ice for 1 minute. Then, the mixture was supplemented with First-Strand Buffer, 5 mM dithiothreitol, and 100 U SuperScript Reverse Transcriptase (Invitrogen); it was then incubated at 50°C for 50 minutes and subsequently at 70°C for 15 minutes. The cDNA template produced from each tissue was PCR-amplified using One-Step SYBR PrimeScript RT-PCR KIT II (Takara Bio Inc.), and the assays were run on an ABI 7900HT Fast Real-Time PCR System for semiquantitative analysis of Adra1a, Adra1b, Adra1d, and Gpr143 mRNA. GAPDH was used as an internal control. The cDNA was amplified using the following primers: sense 5′-tcttccatgccccagggat-3′ and antisense 5′-ctagacttcctccccgttttcacc-3′ for Adra1a, sense 5′-agtagcccagccagaacacta-3′ and antisense 5′-gaaggaaatgtccaactccaa-3′ for Adra1b, sense 5′-ttgggccgctacagagacc-3′ and antisense 5′-tttggatccgaaggcagaatc-3′ for Adra1d, sense 5′-acccaatcctgtttcacaagaca-3′ and antisense 5′-ggcagtcattgtttcccactgaat-3′ for Gpr143, sense 5′-tggcaaagtggagattgttgcc-3′ and antisense 5′-aagatggtgatgggcttcccg-3′ for GAPDH. Real-time PCR was conducted at 95°C for 20 seconds, followed by 45 cycles of 95°C for 5 seconds and at 60°C for 30 seconds. Results were calculated by the relative 2 -ΔΔCt method using RQ Manager 1.2 software (Invitrogen). All analytical data for Gpr143 -/y mice are presented as fold change compared with WT control mice.
Plasmid construction. The entire coding region of mouse GPR143 was constructed previously (9) . Mouse Adra1a, Adra1b, and Adra1d and polycistronic Adra1b-Myc and Gpr143-mCherry were amplified with the primers listed below. The Adra1a, Adra1b, and Adra1d genes were inserted into pc3.1 mycHisA vector (Thermo Scientific), and expression plasmid for Adra1b-Myc and Gpr143-mCherry was likewise inserted into psNha vector. psNha vector was provided by H. Usui (45) . All cDNAs were verified by sequencing. Adra1s and the expression plasmid were amplified using the following primers: sense 5′-atcgaattcaccAT-GGTGCTTCTTTCTGAAAATGCTTCT-3′ and antisense 5′-actctcgagGACTTCCTCCCCGTTTTCAC-CGAG-3′ for Adra1a, sense 5′-atcgaattcaaaATGAATCCCGATCTGGACACCGGC-3′ and antisense 5′-atctctagaAAAGTGCCCGGGCGCCAGGGGCAT-3′ for Adra1b, sense 5′-atcgaattcgagATGACTTTC-CGCGACATCCTG-3′ and antisense 5′-atctctagaAATGTCAGTCTCCCGGAGGTTGCTGAG-3′ for Adra1d, sense 5′-actgaattccgaATGGCCTCCCCGCGCCTGGGAATTTTC-3′ and antisense 5′-actatcgattttaaaCTTGTACAGCTCGTCCATGCCGCC-3′ for Gpr143-mCherry, sense 5′-actatcgatG-GAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGAAC-CCTGGACCTATGAATCCCGATCTGGACACCGGCC-3′ and antisense 5′-ACTGGATCCcagatcctcttct-gagatgagtttttgttcgctacctccgccaccAAAGTGCCCGGGCGCCAGGGGCATGT-3′ for Adra1b-Myc.
Primary culture of VSMCs from mouse descending aortas. Mouse VSMCs were cultured as previous described (16) . WT, Gpr143 -/y , sm22-cre; Gpr143 WT , or sm22-cre; Gpr143 fl/y mice were anesthetized with isoflurane. The abdominal aortas were incised at the middle for blood drainage, and then perfused with 1 ml of saline containing 1,000 U/ml of heparin from the left ventricle. The descending aortas were dissected out from the rest of aortas. The vessel was cut lengthwise and placed in a 60-mm culture dish. The aortas were cut into pieces that were approximately 2-3 mm each. The aortas were allowed to dry briefly, and then DMEM with 10% FBS was added gently; the cells were placed in an incubator and left undisturbed for approximately 10 days. The cells were used at passages 2-4.
Primary culture of rat descending aorta smooth muscle cells. VSMCs in primary culture were obtained from the descending aorta of Wistar rat embryos at E21 as described previously (46) . To test the effects of shR-NA against GPR143 (8), the cells were transfected with gpr143-adenovirus or scramble-adenovirus vector. After 72-96 hours, the cells were prepared for immunocytochemical and immunoblot analysis.
Co-immunoprecipitation. HEK293 cells (RIKEN BRC) were cotransfected with ADRA1A-Myc, ADR-A1B-Myc, or ADRA1D-Myc and GPR143-HA using FuGENE6 (Promega). After 2-day incubation, cells were lysed in 300 μl immunoprecipitation buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 10 mM NaF, 1 mM Na 3 VO 4 , 0.1% Nonidet P-40, and 0.1% protease inhibitor). The lysates were sonicated and centrifuged at 20,400 g for 20 minutes at 4°C. The supernatant was incubated with agarose-conjugated anti-Myc (sc-40 AC, Santa Cruz Biotechnology Inc.) and anti-HA antibodies (sc-7392 AC, Santa Cruz Biotechnology Inc.) for 3.5 hours at 4°C. After being washed 3 times with immunoprecipitation buffer, the samples were detected by immunoblot with anti-Myc (sc-789, Santa Cruz Biotechnology Inc.) and anti-HA (sc-805, Santa Cruz Biotechnology Inc.).
Immunoblot analysis. Aortic vessels were collected with or without 1 μM phenylephrine treatment for 3 minutes at 37°C. Vessels were quickly frozen with liquid nitrogen and soaked with dry ice/acetone containing 10 % TCA, 5 mM NaF, and 10 mM DTT. The samples were thawed to room temperature and washed in acetone containing 10 mM DTT. Proteins were extracted at room temperature in buffer containing 10 mM DTT, 8M urea, 20 mM Tris-HCl (pH 8.8), and 22 mM glycine, as previously described (47) . Protein concentration was quantified by the Bradford protein assay (Bio-Rad). Briefly, equal amounts of protein (30 μg) dissolved in SDS 4× sample buffer containing DTT (50 μM) were separated by SDS-PAGE (12 %) and then transferred to polyvinylidene fluoride membranes (Millipore). For cultured cells, HEK293 cells or VSMCs were collected after phenylephrine treatment for 10 minutes at 37°C and were lysed in immunoprecipitation buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 10 mM NaF, 1 mM Na 3 VO 4 , 0.1% Nonidet P-40, and 0.1% protease inhibitor). The lysates were centrifuged at 20,400 g for 20 minutes at 4°C. Protein concentration was quantified by the BCA protein assay (Thermo Scientific). Briefly, equal amounts of protein (15 μg) dissolved in SDS 4× sample buffer containing DTT (50 μM) were separated by SDS-PAGE (9%).
The membranes were cut between 25 and 37 kDa to detect ERK (42, 44 kDa) and MLC2 (18 kDa). The samples were then used for immunoblot analysis of anti-ERK (#9102, diluted 1:6,000), pERK (#9101, diluted 1:6,000), MLC2 (#8505, diluted 1:1,000), or pMLC2 (#3674, diluted 1:1,000) (Cell Signaling Technology) antibodies. After being probed with the primary antibodies, the membrane was washed and incubated with the secondary anti-rabbit IgG antibody coupled to HRP (GE Healthcare). The antibody-antigen complexes were identified with Luminata Forte Western chemiluminescent HRP substrate (Millipore).
Immunochemistry. For immunohistochemistry, the descending aorta and liver sections from mice were postfixed with 4% paraformaldehyde/PBS pH 7.4 (4 % PFA) at room temperature for 10 minutes. Sections were then soaked in 0.1% Triton X-100/PBS (PBST) for 10 minutes and 0.3 % H 2 O 2 for 30 minutes at room temperature. Following this process, sections were blocked for 1 hour in Triton-TBS (137 mM NaCl, 2.68 mM KCl, 25 mM Tris base, 0.1 % Triton X-100 [TBST]) containing 10% normal goat serum (NGS). The sections were incubated with anti-TH (#22941, ImmunoStar) antibody, anti-GPR143 antibody (12) , or anti-ADRA1B (#AAR-018, Alomone Labs) antibody at 4°C for 24 hours. Antibody was incubated with antigen at 37°C for 30 minutes for pre-absorption test. The descending aorta sections were incubated with Dako EnVision+ Dual Link System peroxidase at room temperature for 30 minutes. The liver sections were incubated with anti-rat or anti-rabbit antibody coupled with biotin (Thermo Scientific) at room temperature for 2 hours, and then with ABC peroxidase kits (Thermo Scientific) at room temperature for 2 hours. Specific labeling was visualized with a ImmPACT DAB Peroxidase Substrate kit (Vector Laboratories). The GPR143-ADRA1B
